Desert soils having clay crusts, mostly from the Mojave Desert, were tested for threshold friction velocity (the friction velocity at which soil erosion begins) with an open-bottomed wind tunnel. The soils were also tested for content of clay, water-soluble material, calcium carbonate, organic material, mineralogy of clay and of salts, soil moisture, modulus of rupture, and crust thickness. If no loose material existed on the soil surface, crusts having modulus of rupture greater than 0.7 bar and crust thickness of 0.7 cm to 0.3 cm were effective in protecting against wind erosion. Disturbed clay crusts having modulus of rupture before disturbance greater than 2 bar with thickness less than 1.9 cm did not experience significant wind erosion. Modulus of rupture was related to composition of soil but was shown to depend mostly on clay content. Soil composition is related to modulus of rupture in an empirical equation.
INTRODUCTION
This paper follows the work of Gillette et al. [1980] on threshold friction velocities for wind erosion (the friction velocities at which soil erosion begins) of natural soils of the desert. That paper filled a void in reported measurements for threshold velocities of natural surfaces in the desert and generalized the results to other surfaces. The main concern was threshold velocities for sandy soils, and its principal conclusion was that the threshold velocity could be predicted if the mode of mass-size distribution were known for the loose particles existing on the surface. It was also concluded that clay-crusted soils in an undisturbed condition were very effective in resisting wind erosion and were effective to varying degrees after disturbance, according to the mode of the mass-size distribution. For soils with more than 90% by mass of sand, disturbed threshold lay between friction velocities of 20 to 60 cm s-•.
Here we describe supplementary tests to illuminate relations of soil composition and friction velocity for undisturbed and disturbed soils having high clay content. temperature and pressure changes. Data for the mean velocity U versus height z (wind profile data) were fitted to the function for aerodynamically rough flow [see Priestley, 1959 ] using a nonlinear least squares routine U= k where U. is friction velocity, z0 is roughness height characteristic of the surface, and k is Von Kfirmfin's constant. The threshold velocity profile was obtained when continuous movement of grains was first visible. Threshold velocities and aerodynamic roughness heights are reported in terms of the friction velocity and the roughness height. Threshold friction velocity U. will hereinafter be called threshold velocity.
Soil descriptions. Several representative crusted soils were chosen in the Mojave Desert. A few additional soils from other locations were chosen when certain dry soils were not available in the Mojave. All soil samples were tested in both undisturbed and disturbed states. The disturbance was caused by driving a three-quarter-ton pickup truck over the soil. The tires were of nobby tread design, and the truck was accelerated which resulted in loosening, mixing, and displacing of the surface material. The wind tunnel was placed directly over the disturbed soil (parallel to the track) so that the exposed soil was homogeneous.
The soils were classified in the field to fit roughly into three groups: crusts having a high salt content (I), clay crusts (III), and sandy soils (IV) ( Table 1) . Groups I and III had similar formation, being deposited at the lowest local elevations by low-energy (slow-moving) water. They differ mainly in mineralogy and availability of evaporitic minerals. Group IV is represented by only four samples since the threshold velocities for this group were the subject of a previous paper [Gillette et al., 1980] . The samples are sandy soils that were deposited at elevations between the pediments and the basins (dry lakes or playas) that were the locations for groups I and III.
Mass percentages and size distributions of the test soils were determined after water-soluble material, calcium carbonate, and organic material were removed ( Table 2 ). The pipette method and sedigraph method were used to determine the size distributions.
Other components of the test soils are given in Table 3 . 9003 This article is a U.S. government work, and is not subject to copyright in the United States. Table 3 also gives mass percentages for cobbles, pebbles, and granules.
For the chemical and mineralogical determinations, airdry samples were gently disaggregated, passed through a 2-mm sieve, and mechanically split into two subsamples. One subsample was ground to a fine powder, packed in a random mount wedge, and X rayed from 2 ø to 35 ø (20) to determine the mineralogy of the salts. Minerals were identified according to Chao [1969] ; quantitative estimates in tenths were based on a comparison of the heights of the most intense peaks (Table 4 washing procedure. The carbonate-and salt-free sample was then transferred to a beaker, and organic matter was destroyed by treatment with H202 and dispersed with 25 ml of Na-pyrophosphate. Stirring and ultrasonication followed. Clays were isolated by sedimentation after removal of the sand fraction by wet sieving. After being mounted on warm ceramic tiles, the clays were X rayed three times, after being air-dried, ethylene-glycolated and heat-treated (550øC where M is modulus of rupture in bars, F is impressed force at which the briquet breaks, 'length' is length between the knife edge supports of the briquet, 'width' is width of the briquet, 'thick' is thickness of the briquet. The determination used the method described by Richards [1953] . We supplemented field modulus of rupture data with laboratory modulus of rupture data because we were successful in determining field modulus of rupture for only 11 soils. These values were determined after cutting a field crust into dimensions specified by Richards [1953] after transporting it to the laboratory. In many cases, sufficiently large crust pieces did not exist, and in others the crust pieces were broken in attempting to cut appropriately sized briquets in the laboratory. The modulus of rupture was deter- Symbols' Solubl = water soluble material, Crbnat = calcium carbonate, Orgnk = organic material Wilt Moist = soil moisture at -15 bars, Cobbl = cobble, Pebl = pebble, Grnul = granule. mined for laboratory-prepared soil crusts by the method of Richards [1953] . In this preparation, the soil sample is passed through a l-ram sieve, sprinkled into a briquet form by a nonselective procedure and wetted from beneath through blotter paper for 1 hour, and then dried in a forceddraft oven at 50øC. The briquets formed in this way were compositionally unaltered soil (A), soil from which water- The coarse-aggregate size distribution was determined for each sample by dry sieving. The soil samples were carefully transported to our laboratory to avoid breakage of aggregates. From the size distribution the maxima or modes were obtained for each test (Table 6 ). These modes represented the size of loose particles available to erode for the given soil. Some qualitative descriptors of the crust surface are also listed in Table 6 .
AERODYNAMIC ROUGHNESS HEIGHTS
In general, the values of aerodynamic roughness height, z0, reflected the visual appearance of roughness, the details of which were quantified by Lettau [1969] . Rough, lumpy, highly cracked clay crusts and crusts covered with salt The disturbance by a truck tire did not have the effect of bringing up rougher material to the surface, but rather of smoothing the surface by crushing and mixing of aggregated soils and surface deposits. Thus, except for two exceptions, 
THRESHOLD VELOCITY VERSUS SOIL PROPERTIES

Undisturbed Soils
The wind velocities that our portable wind tunnel equipment could develop were not strong enough to erode most undisturbed crusted clay soils. The soils that did erode in undisturbed conditions, however, had certain things in common: (1) the solid surface had loose sand or pellet-sized material present or (2) the soil had a thin (less than 0.7 cm) and weak (modulus of rupture less than 0.7 bar) surface crust. For these soils, threshold friction velocity was larger than 250 cm s-1 and less than 300 cm s-1. Velocities of this high magnitude are rarely found in nature except in intense localized phenomena (e.g., dust devils). The thin, weak crusts, which eroded at U, > 250 cm s -1, usually eroded in pieces into which the crust had already cracked before the wind tunnel test.
Disturbed Soils
We disturbed soils with the accelerating wheels of a onequarter-ton pickup truck that had mud-snow tires. Thus, our disturbance is restricted to one type, although in the discussion we try to generalize for different disturbances. When U,t h was examined for disturbed soils versus the parameter expressing hardness of the crust (modulus of rupture) it was clear that the vulnerability to disturbance could be separated at modulus of rupture between 1 and 2 bars. For soils having modulus of rupture less than 1 bar, the threshold velocities for wind erosion were less than 45 cm s -1, which is a common velocity in the desert. For modulus of rupture greater than 2, however, there was no clear-cut relationship. When disturbed friction velocities were plotted against modulus of rupture times the square of crust thickness a fairly clear relationship was seen. For silt crusts thinner than 1.9 cm, the threshold velocity may be expressed by the regres- For crusts thicker than 1.9 cm and M > 2 bars, the disturbance simply loosened a very small layer of soil material at the top of the soil crust which was erodible at U, < 50 cm s -•. When this small amount of material (on the order of a few grams per m 2) was eroded away by the wind, the underlying crust was not erodible and appears not to have been affected by the disturbance. Although the amount of loose material produced was not measured, it as our observation that more loose material was produced at sites having lower moduli of rupture.
RELATIONSHIP OF MODULUS OF RUPTURE TO SOIL
COMPOSITION
Since the threshold friction velocities of both undisturbed and disturbed soil crusts are related to modulus of rupture of the soil, the relation of modulus of rupture to composition of the soil was sought so that threshold velocities could be The moduli of rupture for four sets of mixtures in which the original soils were sand with little clay (420), silty soil (307), or two clay-textured soils (305) are shown in Figure 1 . Within the rough limits of the measurements, no obvious interaction of water-soluble material and the fine powdered CaCO3 was seen.
2. The effects of organic additives are independent of other effects. Indeed, since the effects of organic additives were found to be nonsignificant for our desert soil samples, this assumption seemed to be reasonable.
The method of computation of the individual partial derivatives was as follows: and percentage of clay-sized hydrous mica in synthetic soils. They reported greater variability for natural soils, however.
Effect of Exchangeable Sodium in Clays
The effect of sodium in the exchange complex of clays has been noted by Brooks et al. [1956] and Kemper et al. [1975] to increase the strength of the crust. Osmotic swelling forces pull water into the diffuse layer of adsorbed sodic ions, keeping clay from aggregating while wet. Upon drying, however, the clays are pulled into a closely oriented configuration which adds strength to the crust. Brooks et al. [1956] presented data suggesting that modulus of rupture is related to the exchangeable sodium percentage for a given cation exchange capacity (C.E.C.) as M = M(ESP = 0) + (B. ESP)
where B is a constant and ESP is exchangeable sodium percentage (meq/100 g). amount of exchangeable sodium is in these samples as the calculated 'exchangeable' sodium contents given in Table 5 exceed the cation exchange capacities; this is apparently due to extremely high quantities of both exchangeable and watersoluble sodium. We suggest, given the data in Table 5, that  samples The correlation coefficient is barely significant, and the relation is felt to give little information. There is some agreement with previous work of Kemper et al. [1975] indicating that 'incorporation of organic materials generally decreases crust strength when organic matter has time to decompose.' However, they add that organic matter increases the stability of soil aggregates when they are wetted.
In general, the effect of organic material is very small owing to lack of this material in desert soils, and even when present it does not seem to have a significant effect. It should be noted, however, that the important effects of soil binding by biological growth of mycelia were not duplicated in these laboratory tests and that biological stabilization may be important for many soil crusts [see, for example, Danin and Yaalon, 1981] . For desert crusts where little biological growth was observed, however, we feel justified in ignoring biological and organic effects on the crusts.
AN EQUATION FOR MODULUS OF RUPTURoe
TO incorporate all the effects of composition of the soil on the modulus of rupture of the crust, we integrated (4) roughly with the following expression. 
ADDITIONAL CONSIDERATIONS
Relationship of Thickness of Crust to Soil Composition
Correlation coefficients for crust thickness versus composition parameters are given in Table t0 . No significant correlations were found except for CaCO3 for which the coefficient was only 0.455. It is the opinion of the authors that crustal thickness is a function of soil wetting and drying which is only partially a function of composition (e.g., permeability of soil, wetting front velocity). Wetting and drying would be explained by amount and frequency of moisture and of rate of evaporation for which we had no information. Therefore, we cannot generalize on crustal thickness. 
